ABSTRACT. We have measured the radiocarbon contents of individual, solvent-extractable, short-chain (C 14 , C 16 , and C 18 ) fatty acids isolated from Ross Sea surface sediments. The corresponding 14 C ages are equivalent to that of the post-bomb dissolved inorganic carbon (DIC) reservoir. Moreover, molecular 14 C variations in surficial (upper 15 cm) sediments indicate that these compounds may prove useful for reconstructing chronologies of Antarctic margin sediments containing uncertain (and potentially variable) quantities of relict organic carbon. A preliminary molecular 14 C chronology suggests that the accumulation rate of relict organic matter has not changed during the last 500 14 C yr. The focus of this study is to determine the validity of compound-specific 14 C analysis as a technique for reconstructing chronologies of Antarctic margin sediments.
INTRODUCTION
The stability of the West Antarctic Ice Sheet (WAIS) is thought to be sensitive to global warming because a major part of this ice sheet is grounded below sea level (Mercer 1978; Alley and Whillans 1991; Oppenheimer 1998) . To investigate its behavior in relation to climatic change, many studies have focused on past variability of the WAIS over the past glacial-interglacial cycle. Since Antarctic margin sediments generally lack calcareous foraminifera, acid-insoluble organic carbon (AIOC) has often been used to establish radiocarbon chronologies for sediments deposited over the late Quaternary (Domack et al. 1989; Andrew et al. 1999; Licht et al. 1996; Harris et al. 1996) . However, Antarctic margin sediments commonly contain variable amounts of reworked sediment eroded from the Antarctic continent (Sackett et al. 1974) . This "contamination" by relict organic carbon (OC) leads to anomalously old core-top ages or to age reversals down-core, which leaves the reconstruction of oceanic environments around Antarctica far behind that of the Laurentide Ice Sheet (e.g., Bond and Lotti 1995) . In an attempt to overcome this problem, we applied compound-specific 14 C dating (Eglinton et al. 1996 (Eglinton et al. , 1997 ) to a suite of Ross Sea sediments. reported that individual sterols in laminated sediments from the Santa Monica Basin served as effective tracers of surface water dissolved inorganic carbon. A goal of this paper is to determine the 14 C contents of different fatty acids with a view toward identifying those suitable for reconstruction of sediment chronologies.
METHODS
In the Ross Sea, sediments were collected using a box corer from the Chinstrap (76°19.9′S, 165°01.5′E, water depth 827 m), Gentoo (76°20.4′S, 172°56.2′E, 623 m), Emperor (76°58.9′S, 171°59.7′E, 670 m), and Fairy (77°58.3′S, 178°03.0′W, 671 m) sites during the ROAVERRS (Research on Ocean-Atmosphere Variability and Ecosystem Response in the Ross Sea program) cruise on the R/V Nathaniel B Palmer in December 1998. The Chinstrap site represents a region where diatoms bloom during the austral summer, whereas the Emperor and Gentoo sites are located in a region of extensive blooms of haptophyte algae. The Fairy site is a location where large algal blooms have not been observed. Therefore, the sediments analyzed in this study span a range of surface ocean conditions in the Ross Sea. These sediments were stored in a freezer (-20 °C) until analysis.
Dried sediments (100-350 g) were Soxhlet-extracted for 4 days with dichloromethane/ MeOH (93: 7, v/v) . The extracts were saponified by 0.7M KOH/MeOH and esterified by HCl/MeOH under a N 2 atmosphere. They were separated into fractions by pressurized flash chromatography. Compounds were quantified using a HP5890 gas chromatograph (GC) equipped with CPSil-5CB column (60 m × 0.25 mm i.d., film thickness 0.25 µm) and FID. Individual compounds were isolated and purified using methods described elsewhere (Eglinton et al. 1996) . Briefly, samples containing fatty acid methyl esters (FAMEs) were repeatedly injected to a preparative-capillary GC equipped with Gerstel CIS injector and CPSil 5CB column (100 m × 0.52 mm i.d., film thickness 0.25 µm) and individual FAMEs were trapped from the column effluent. Microcolumn SiO 2 chromatography (hexane/ dichloromethane, 2:1, v/v) was used to remove column bleed and the individual compounds were transferred to quartz tubes for combustion. The resulting CO 2 was converted to graphite (Pearson et al. 1998) . The purity of each compound was determined based on the GC-FID analysis of an aliquot of the isolated component. 14 C content in the samples was determined at the National Ocean Science Accelerator Mass Spectrometry (NOSAMS) Facility at the Woods Hole Oceanographic Institution. All 14 C values are corrected for the contribution of methyl carbon obtained from MeOH ( 14 C MeOH = -955.6 ‰) during the esterification by isotope mass balance. 
RESULTS AND DISCUSSION
Concentrations of solvent-extractable fatty acids (FAs) in the Ross Sea surface sediments show a bimodal pattern with peaks at C 16 and C 24 or C 26 and have a strong predominance of even carbonnumber chains (Figure 2 ). Although sediments from the Chinstrap site are enriched in FAs relative to other sites, relative abundances of FAs to the total organic carbon (TOC) content are rather similar between sites. Concentrations of short-chain (C 14 , C 16 , and C 18 ) FAs decrease with depth in the Chinstrap site. The total concentrations of short-chain FAs in shallower samples (0-2 and 3-6 cm) are 8.80 and 8.78 µg/g dry sediment (ds), respectively, whereas in deeper samples (6-9, 9-12, and 12-15 cm) they are lower than 3.5 µg/g ds. In contrast, total concentrations of long-chain (C 24 , C 26 , and C 28 ) FAs for all samples fall in a narrow range from 2.0 to 3.2 µg/g ds. Since TOC contents of these sediments vary little with depth, the reduction of the short-chain FAs may reflect their lability compared with the TOC. As shown in Figure 4 , the short-chain FAs are significantly enriched in 14 C relative to the AIOC. With the exception of the Fairy site, the ∆ 14 C values of the short-chain FAs are relatively uniform and mostly fall in the range of the post-bomb dissolved inorganic carbon (DIC) reservoir (-100 ± 20‰) in this region (Berkman and Forman 1996; Gordon and Harkness 1992) . Since these short-chain FAs are produced by not only marine algae but also by other organisms (including animals and bacteria) as membrane components, energy storage material, heat insulating material, etc. (Harwood 1996) , some fraction of these FAs could have been produced by these heterotrophic organisms. Whatever their immediate sources are, our results indicate that the carbon in the short-chain FAs is derived ultimately from the photosynthetic fixation of surface ocean DIC within the last 40 yr, during which levels of atmospheric 14 C have been elevated by the testing of weapons. An important implication is that contributions of C 14 , C 16 , and C 18 FAs from relict, 14 C-free OC eroded from the Antarctic continental erosion are not significant at these sites. If this dominance of autochthonous sources prevails downcore, 14 C analyses of solvent-extractable, short-chain FAs can provide a basis for accurate sediment chronologies. At the Fairy site, 14 C values of the short-chain FAs are 70-150‰ lower than that of the post-bomb DIC. Although we do not have confirming evidence, deep bioturbation and/or a low sedimentation rate may cause the reduced 14 C level in the FAs. In marked contrast to the short-chain FAs, the long-chain FAs are substantially more depleted in 14 C but generally enriched relative to the AIOC. In general, the shorter the chain length, the younger the age. Even carbon-numbered chains are strongly predominant among the long-chain FAs at these sites, suggesting derivation from unaltered biological debris. The distribution is not unlike that in waxes from the leaves of higher plants (Eglinton and Hamilton 1967) but eolian transport would then be indicated and a uniform distribution among sites would be expected (Ohkouchi et al. 2000) . A relationship to the long-chain FAs found in soils in Antarctic dry valleys (Matsumoto et al. 1981) , which could also be delivered by wind erosion, is unlikely for heterogeneous FA patterns because the even-C/odd-C concentration ratios in those soil FAs are much lower than observed in the sediments. The observed variations in ∆ 14 C (Figure 4 ) indicate (i) the presence of at least some recentlyproduced, long-chain FAs, presumably of algal or zooplanktonic origin (Volkman et al. 1998) , and (ii) significant variations in the modern/relict mixing ratio for these compounds.
To check the usefulness of the 14 C content of the short-chain FAs as chronological tools at greater depths of the sediments, a vertical profile of 14 C content of C 16 FA was examined for 5 depth intervals from the upper 15 cm of a box core from the Chinstrap site ( Figure 5 ). Essentially constant 14 C Figure 5 Depth-related variations in 14 C ages of the C 16 fatty acid (circles) and acid-insoluble organic carbon (AIOC; squares) in the down-core sediments from the Chinstrap site. In the depth range 6-9 cm, a mixture of C 14 and C 16 fatty acids was measured. The error bars of the 14 C age represent a ±1 standard deviation. Shaded areas indicate the post-bomb and pre-bomb DIC reservoir ages (Berkman and Forman 1996; Gordon and Harkness 1992). ages are evident for the samples from the upper 6 cm, corresponding to the depth of the bioturbated mixed layer. The ages of these 2 samples are nearly identical to the post-bomb DIC reservoir age. The age of the C 16 FA in the mixed layer mainly reflects the balance between the bioturbation rate and degradation rate of this compound. Using a model analogous to the CaCO 3 dissolution and mixing (Broecker et al. 1991) , the 14 C age of the FA will correspond with the post-bomb DIC reservoir age if the FA reaching the sea floor is rapidly (within a few yr) mixed and if its half-life in the mixed layer is less than 30 yr. The latter is a reasonable assumption based on studies of FA degradation in marine sediments (Canuel and Martens 1996) . In Antarctic margin sediments, such as those underlying the Ross Sea, elevated bioturbation rates may be caused by the high activity of benthos, supported by the extremely high flux of organic detritus (DiTullio et al. 2000) . The 14 C ages of AIOC roughly parallel that of the C 16 FA with an offset of 1200-2000 14 C yr. Sedimentation rates estimated from C16 FA and AIOC chronologies are around 7.5 and 15 cm kyr -1 , respectively. The two-fold difference between FA-and AIOC-based rates of sedimentation could be explained if the fraction of relict AIOC increases with depth. Alternatively, it could indicate that with increasing depth progressively greater portions of the C 16 FA were derived from relict carbon, presumably by bacterial attack on imported kerogen (Petsch et al. 2001 ).
Assuming AIOC the in Ross Sea sediments is mainly derived from 2 sources, marine autochthonous and relict, we can estimate the relative contribution of relict OC from the isotopic difference between the short-chain FAs and AIOC. Terrestrial OC transported from continents other than Antarctica through the atmosphere should be a minor component. Assigning the ∆ 14 C value of autochthonous organic matter as that of the C 16 FA and ∆ 14 C of relict organic matter of infinite 14 C age (∆ 14 C = -1000‰), we calculated the minimum contribution of relict OC to the AIOC (Figure 6 ). At the Emperor and Fairy sites, the contributions of relict OC are higher than 50%. At the Chinstrap site, the contribution of relict OC is relatively invariant, comprising about 20% of the total AIOC. The relative abundance of relict OC could be a function of variable input of debris-laden glacial ice in the overlying water column. Our record suggests that the input of relict sediments to the Ross Sea (potentially related to the melting rate of glacial ice) did not change substantially during the last 600 14 C yr. Overall, this initial application of compound-specific 14 C dating to Antarctic margin sediments clearly shows a potential utility of this approach for developing sediment chronologies. In addition to FAs, sterols and isoprenoid alkenes, which are also derived from phytoplankton (Nichols et al. 1988) , have been identified in Antarctic margin sediments and could prove as useful for 14 C dating . The short-chain FAs are particularly useful because they are among the most abundant lipid-class compounds in the Antarctic margin sediments (e.g., Venkatesan and Kaplan 1987) . Since prior studies of sediment cores have yielded core-top 14 C ages of AIOC of 2000-4000 yr BP (Licht et al. 1998) , the timing of WAIS recession and/or advance estimated from these dates may be overestimated by 1000-3000 14 C yr. Substantially improved chronologies can be obtained if the age scale is corrected for the core-top age but this approach may be prone to error because it assumes a constant age offset downcore. Without the application of appropriate corrections for relict OC, molecular 14 C measurements provide an effective way of eliminating such interferences.
